Escherichia coli strain PHL628 was subjected to saturating Tn5 transposon mutagenesis and then grown under competitive planktonic or biofilm conditions. The locations of transposon insertions from the remaining cells were then mapped on a gene array. The results from the array mapping indicated that 4?5 % of the E. coli genome was important under these conditions. Specifically, 114 genes were identified as important for the biofilm lifestyle, whereas 80 genes were important for the planktonic lifestyle. Four broad functional categories were identified as biofilm-important. These included genes encoding cell structures, small-molecule transport, energy metabolism and regulatory functions. For one of these genes, arcA, an insertion mutant was generated and its biofilm-related phenotype was examined. Results from both the transposon array and insertion mutagenesis indicated that arcA, which is known to be a negative response regulator of genes in aerobic pathways, was important for competitiveness in E. coli PHL628 biofilms. This work also demonstrated that ligation-mediated PCR, coupled with array-based transposon mapping, was an effective tool for identifying a large variety of candidate genes that are important for biofilm fitness.
INTRODUCTION
Biofilms are sessile bacterial communities which predominate in nature, and may form wherever a solid surface is in contact with a liquid (Costerton et al., 1995) . Hindered diffusion within a biofilm can result in gradients of oxygen, carbon and nutrients (Costerton et al., 1995; Stewart, 2003) , giving rise to microorganisms that are, as a whole, physiologically different from their planktonic or free-swimming counterparts (Reisner et al., 2003; Sauer et al., 2002) .
Many opportunistic pathogens are capable of biofilm formation. Escherichia coli dominates biofilms found on urethral catheters (Vidal et al., 1998) , and has also been isolated from percutaneous trans-hepatic catheters (Dorel et al., 1999) . E. coli strain PHL628, used in this study, is an MG1655 derivative with an ompR234 mutation (Vidal et al., 1998) . The same mutation has been detected in a number of clinical E. coli isolates recovered from catheters (Dorel et al., 1999) , and it affects the regulatory properties of OmpR, resulting in curli overexpression, which is important for its biofilm-forming phenotype (Vidal et al., 1998) . Biofilm formation by strain PHL628 is dependent upon the assembly of curli which are optimally expressed at temperatures below 30 u C (Hammar et al., 1995) . Curli expression is also a known pathogenicity determinant of E. coli O157 : H7 (Gophna et al., 2002) . The overexpression of curli, however, is not the only biofilm determinant in E. coli, as other strains which do not overexpress curli, especially those harbouring the F plasmid and the tra genes, can form robust biofilms (Ghigo, 2001; Reisner et al., 2003) .
Given the link between biofilms and disease, much effort has been put into understanding the genetic underpinnings of biofilm formation. Studies of the phenotypic contribution of individual genes to biofilm development have been largely limited in the past to the screening of individual transposon mutants to identify attachment deficiencies in one-at-a-time type assays. More recently, transcriptional array technology and proteomics have been useful for capturing snapshots of biofilm development and dispersion (Beloin et al., 2004; Sauer et al., 2002; Schembri et al., 2003) . This work builds on these approaches by combining fitness selection of unknown individual mutants with high-throughput array-based mapping of transposon insertions.
Coupling transposon mapping to array technology via ligation-mediated PCR (Badarinarayana et al., 2001) permits high-resolution mapping of the fitness contribution from transposon insertion events, without the need to culture each mutant individually. In this work, ligationmediated PCR was used for the rapid identification of Tn5 insertion events that affected the competitiveness of strain PHL628 mutants in a mature biofilm. While this approach may be similar in some respects to in vivo expression technology (IVET) (Slauch et al., 1994) , which has been adapted for the study of Pseudomonas aeruginosa biofilms (Finelli et al., 2003) , this array-based transposon mapping strategy permitted an integrated assessment of a large number of mutations affecting biofilm competitiveness, without requiring cultivation of the mutants individually.
One gene identified as biofilm-important using this mapping approach was specifically targeted and examined via insertion mutagenesis. arcA, which encodes a microaerobic redox regulator, was selected for further study because a sizeable portion of most biofilms is microaerobic (Costerton et al., 1995; Reid & Kirov, 2004; Vilain et al., 2002) , yet the particular importance of arcA under biofilm conditions has not been previously reported in E. coli.
METHODS
Strains, media and molecular biology. Table 1 indicates the strains and plasmid vectors used in this study. Cells used for plasmid extraction and transformations were grown in complete LuriaBertani (LB) medium. Antibiotics were used at the concentrations indicated: 50 mg kanamycin (Km) l 21 ; 6, 10 or 15 mg tetracycline (Tet) l
21
; 100 mg ampicillin (Amp) l
; 25 mg chloramphenicol (Chl) l 21 ; 12 mg trimethoprim (Trm) l 21 ; or 25 mg gentamicin (Gm) l 21 . Blue-white screening was performed on LB Amp plates containing 40 mg X-Gal l 21 (International Biotechnologies). Minimal salts medium (MSM) (Hay et al., 2001 ) supplemented with 0?2 % (w/v) glucose, with or without 0?2 % (w/v) Casamino acids, was also used. Table 2 lists the oligomers used for PCR and adaptamer synthesis, which were purchased from Integrated DNA Technologies. PCR amplification was done using ThermoStart Master mix (ABgene) and a modified touchdown thermoprofile (Hay et al., 2001) , unless otherwise specified. Briefly, the initial denaturation was 15 min at 95 uC, followed by 10 cycles with denaturation at 95 uC for 45 s, annealing at 65 uC for 15 s, and extension at 70 uC for 60 s. The annealing temperature was decreased by 1 uC per cycle for the first 10 cycles and then maintained at 55 uC for the remaining 20 cycles. After a total of 30 cycles, the final elongation was for 3 min at 70 uC. A PTC-200 DNA Engine thermocycler from MJ Research was used for PCR and oligomer annealing. PCR products were cloned into pGEM T-Easy (Promega) and electroporated into E. coli strain JM109 using a BTX Electro Cell Manipulator 600 (Genetronics Biomedical LTP), and were screened by PCR using primers T7F and M13R.
Molecular manipulations, plasmid DNA extractions and competent cell preparation followed standard methods (Sambrook et al., 1989) . DNA purification was performed using the Zymoclean kit (Zymo Research). Restriction endonuclease digestions were conducted at 37 uC for 2 h in a reaction volume of 50 ml. Where indicated, digested fragments were blunt-end-treated using 2?5 U Pfu polymerase (BD Biosciences Clontech), 16 Pfu buffer, 200 mM dNTPs (Promega) and water at 72 uC for 1 h. Ligations were performed in 10 ml reactions at 17 uC for 1 h using T4 DNA ligase (Promega).
Construction of transposon mutant library. A modified pUTmini-Tn5 transposon delivery vector containing the Epicentre EZ : : TN Tet1 cassette (Epicentre Technologies) was created by ligating a blunt-end-treated pUT-mini-Tn5-Km (de Lorenzo et al., 1990) to 55 ng of the Epicentre EZ : : TN Tet1 transposon to give pUTmini-Tn5-Tet1. This was then used to generate a whole-genome transposon mutant library. Briefly, E. coli S17-1 pUT-mini-Tn5-Tet1 was mated with PHL628, resulting in Tn5-Tet1 transposon mutants. The mutant library was selected on LB plates supplemented with Tet and Km, and was then scraped off the plates and resuspended in 30 mM phosphate buffer.
The number of mutants needed for adequate coverage of the genome was estimated using a Poisson distribution function in Microsoft Excel.
Reactor operation. Four continually stirred tank reactors (CSTRs) were made from 600 ml Pyrex beakers with the lips removed. A size 14 stopper, with four holes bored to accommodate ports for both liquid and air influent and effluent, was used as a lid. Two reactors for biofilm growth contained 0?5 g glass wool as the surface for biofilm attachment Steyn et al., 2001) , whereas the two reactors for planktonic growth did not. The glass wool had a fibre diameter of 8 mm (Pyrex Brand) and a calculated surface area of~990 cm 2 . To prevent shearing caused by mixing with the magnetic stir bar, the glass wool was maintained in a cage constructed from recycled polypropylene pipette tip holders.
Aliquots of the transposon library were inoculated into the CSTRs at a concentration of~2?5610 10 cells per reactor. All reactors were fed with a medium consisting of MSM, 0?2 % (w/v) glucose, 50 mg Km l 21 and 10 mg Tet l 21 . The feed and effluent flow rates were regulated by a Watson-Marlow peristaltic pump at a dilution rate of 0?11 h
. The reactors were operated at 26 uC in order to favour curli production. The reactors were operated at a constant volume of 250 ml, and the liquid retention time was 9?4 h, which was determined to be 51 % of the maximal growth rate for planktonic cells. The reactors were operated for 6?5 volumes; thus the total reactor operation time was 62 h. Aeration was provided by stirring and a Second Nature Whisper 900 aquarium pump (Willinger). A Gilmont GF-4550 Acucal Flow regulator (Gilmont Instruments) was used to regulate air flow to 0?75 l min 21 . The pumped air was sterilized by passage through a 0?2 mm pore-size polytetrafluoroethylene (PTFE) filter (Nalgene).
Reactor harvesting. Cells were aseptically harvested from the two planktonic and the two biofilm reactors. Planktonic cells harvested from the planktonic reactors were enumerated as described below and also served as the DNA source for the planktonic array. The planktonic cells from the biofilm reactors were first gently siphoned off, and were only used for cell counts and media analysis. The biofilm cells were harvested by draining the glass wool, removing it from the reactors, and then vortexing the glass wool in 30 mM phosphate buffer for 1 min. The glass wool was removed and the detached biofilm cells were harvested via centrifugation. The biofilm cells were then resuspended and homogenized by vortexing in a known volume to facilitate enumeration. Both planktonic and biofilm cell suspensions were centrifuged at 7000 g for 15 min at 4 uC. The cell pellets were resuspended in 12 ml RNAlater (Ambion), which is able to preserve both RNA and DNA by inactivating nucleases (Ambion), and then stored at 280 uC.
At harvest, the glucose concentration of the medium influent was determined, whereas for the reactor contents, glucose concentration and cell density were determined. Glucose concentration was quantified using the Glucose HK Assay (Sigma) and a mQuant spectrophotometer (BioTek Instruments). Cell density was measured spectrophotometrically at 600 nm with a path length of~0?25 cm. The number of mutant and non-mutant organisms in each reactor was determined by plating dilutions of the cells on LB medium, and then picking 100 colonies that were replica-plated onto both LB Km-and LB Km/Tet-selective media.
Probe synthesis. Genomic DNA was extracted using a Wizard Genomic DNA extraction kit (Promega), and 1 mg genomic DNA was digested overnight with HinPI-1 (New England BioLabs). The digested genomic DNA was purified by phenol/chloroform (pH 6?7) extraction and precipitated with ethanol aided by 10 mg glycogen. The dried pellet was resuspended in 20 ml 0?16 Tris/EDTA buffer.
Ligation-mediated PCR was used to produce four separate sets of probes for array hybridizations. Four microlitres (0?2 mg) of purified HinPI-1-digested genomic DNA from each of the two planktonic and two biofilm populations were ligated in separate 10 ml reactions to 50 pmol of previously annealed oligomer adaptamer (Fig. 1) . Adaptamer annealing was performed in a 20 ml reaction mixture consisting of the HinPI-linker1 and HinPI-linker2 oligomers (Table 2) . These oligomers were mixed at 500 pmol each in 16 ligation buffer, heated to 95 uC and cooled to 25 uC over 60 min.
In the first round of PCR amplification, five reactions for each of the two biofilm and two planktonic samples (a total of 20 PCRs) were performed with HinPI-N and Tet-RP2 (Table 2 ), using a touchdown protocol similar to the one described above but with a total of only 25 cycles. Five separate amplification reactions for the same template were performed and pooled, in order to reduce the possible effects of PCR drift (Polz & Cavanaugh, 1998) . The pooled PCR products from each reactor were cleaned, concentrated (Zymoclean kit) and used as a template for the synthesis of a probe for the array hybridization.
Each radiolabelled probe was synthesized in two independent reactions for each pooled first-round sample. The probe was generated by a nested linear amplification using the Strip-EZ PCR kit (Ambion), primer Tet-RP1 (Table 2) , [a-
33 P]dATP and Taq DNA polymerase (Fisher Scientific). The thermoprofile for linear amplification had an initial denaturation at 95 uC for 3 min, followed by 30 cycles of 95 uC for 30 s, 55 uC for 30 s and 72 uC for 60 s (Ambion). The resulting products were purified from unincorporated radionucleotide using a Sephadex G-25 spin column (Amersham-Pharmacia), checked for radioactivity incorporation using an LS5000CE liquid scintillation counter (Beckman-Coulter), pooled, and immediately hybridized to Panorama E. coli DNA array membranes (Sigma-GenoSys Biotechnologies). AAC AGC TAT GAC CAT G Stratagene Fig. 1 . Ligation-mediated PCR was used to generate probes containing the DNA adjacent to the site of insertion from all Tn5 mutants. Genomic DNA was digested overnight with HinPI-1 (restriction sites represented as triangles). Digested genomic DNA was then ligated to an annealed oligomer adaptamer. The ligated product was subjected to the first round of PCR using primers HinPI-N and Tet-RP2. These PCR products were used as template for the second reaction, a linear amplification with primer Tet-RP1, [a-33 P]dATP and Strip-EZ PCR nucleotides.
This probe was used for array hybridization. Not drawn to scale.
Array hybridization and stripping. Four sequentially numbered Panorama array membranes were used in this analysis, with each membrane containing two spots for each ORF. The hybridization protocol consisted of a prehybridization step for 6 h at 65 uC with Ultrahyb hybridization buffer (Ambion), then the separate 33 Plabelled probes from biofilm and planktonic samples were hybridized separately to two membranes each for 16 h at 65 uC. The membranes were then washed, as per the manufacturer's protocol, at 65 uC. After exposing the membranes to phosphor screens for 48 h, the signal was detected by a STORM-840 phosphoimaging system (Molecular Dynamics) scanning at 50 mm. Four hybridization spots from each of the biofilm and planktonic samples were compared. These four hybridizations represented four technical replicates from the same biological sample (reactor). This step was repeated for each of the biological replicates. Therefore, a total of eight individual spot hybridizations (two spots per array6two arrays6two biological replicates) were considered for each ORF from the biofilm and planktonic probes.
The probe was stripped from the membrane, as per the Strip-EZ PCR protocol (Ambion), but with modifications. First, the probe degradation buffer was added to the membrane and incubated at room temperature for 5 min, then 15 min at 37 uC, and 15 min at 68 uC. The probe degradation buffer was decanted and the arrays were incubated at 68 uC for 15 min in the presence of blot reconstitution buffer. The array membranes were then wrapped in plastic and stored at 220 uC.
Array analysis. Phosphoimages were analysed using ArrayVision 6.0 (Imaging Research). Excel worksheet functions (Conway et al., 2002) were used to process the data from the images and determine which genes had significant hybridization differences between the biofilm and planktonic samples. For the analysis, two statistical measures were used to evaluate the hybridization data. First, the values had to be greater than three times the SD of the mean background value. Second, the values used to calculate biofilm versus planktonic ratios also had to be statistically different from one another with a P value of the natural log of less than 0?05 in a one-tailed t test (Conway et al., 2002) . All genes reported herein satisfied these measures.
Molecular manipulations. To construct an arcA suicide plasmid, a PCR product from arcA (GenBank accession no. AE000510) was amplified using primers arcA 25F and arcA 408R (Table 2 ) and cloned into pGEM T-Easy. This vector was digested with ApaI and SacI, and then ligated into the corresponding sites of pLD55 (Metcalf et al., 1996) , to give pLD55 arcA. This construct was screened in E. coli strain BW21037 and electroporated into E. coli S17-1. Our efforts to employ a lambda-Red-based knockout strategy were unsuccessful in strain PHL628, despite success in control strains (data not shown).
Strain S17-1 pLD55 arcA was mated with PHL628, and transconjugants with chromosomal integration of the vector were selected by plating on LB medium supplemented with 2?5 mM sodium pyrophosphate, Km, Amp, and 15 mg Tet l 21 . PHL628 : arcA transconjugants were screened using upstream primer arcA 715R in combination with T7F. PHL628 pLD55, a reference strain, was created using the methods described above, and the integration of the vector into the lacZ gene was confirmed by PCR using primers lacZ 329R, lacIF and M13R (Table 2 ).
The arcA mutant was complemented with the entire arcA gene, which was PCR-amplified using primers CarcA BamHIR and CarcA BamHIF (Table 2) , and cloned into pGEM T-Easy. The arcA fragment in pGEM T-Easy CarcA was recovered after digestion with BamHI and gel purification. It was then ligated to pIndigo BAC-5 to give pIarcA, which was electroporated into PHL628 : arcA.
Each strain was transposon-tagged to contain the gene for either green fluorescent protein (GFP) (gfp) or red fluorescent protein (RFP) (mRFP1) under the regulatory control of the rrnBP1 promoter in conjunction with Gm resistance (see supplementary material).
Insertion mutant characterization. The arcA mutant, complemented strain and control strains were examined with respect to several different biofilm-related phenotypes. Swimming motility was determined by the distance (mm) the organisms swam in MSM, glucose and Casamino acid medium solidified with 0?3 % agar after 44 h. Growth rate as a function of optical density was also examined in MSM containing 0?2 % glucose, Km and 15 mg Tet l 21 , with or without 0?2 % Casamino acids, using a mQuant spectrophotometer. The ability of the arcA mutant to grow in LB medium supplemented with 200 mg toluidine blue l 21 , Km and 15 mg Tet l 21 was also examined (Buxton & Drury, 1983) .
To determine biofilm attachment, the strains were first grown in hydrophobic PVC plastic 96 well microtitre plates for 10 h at 30 uC in MSM containing glucose, with and without Casamino acids. The amount of biofilm attachment was determined by staining the cells attached to the walls of the wells with crystal violet. Excess stain was removed by rinsing with water five times, and the attached cells were destained with 95 % ethanol which was then quantified spectrophotometrically at OD 595 (O'Toole & Kolter, 1998) .
As biofilm attachment may be impacted by surface chemistry, biofilm development on glass was also examined in pulsed-batch culture (see below), using untreated glass-bottomed culture dishes (MatTek) which provide a hydrophilic surface. In order to assess biofilm development on a glass surface, cells were grown in 3 ml MSM containing glucose and Casamino acids at 30 uC with rotary shaking at 50 r.p.m. The dishes were incubated for 72 h, although the medium was exchanged every 24 h, creating a pulsed-batch regime. The structural integrity of the biofilm was maintained during microscopy by the addition of 1 % low-melting-temperature agarose (Eaglesham et al., 2004) . Briefly, the biofilms in the culture dishes were gently rinsed three times with 30 mM phosphate buffer (pH 7?4). Fresh buffer was added as an equal volume of waste was removed, thus a constant volume was maintained and biofilm collapse was prevented. A 2 % solution of molten lowmelting-temperature agarose was then gently added as an equal volume of the phosphate buffer was removed. The agar was allowed to set before microscopy.
In order to assess the impact of competition, which would have been present in the initial biofilm CSTRs, the arcA mutant strain was examined for its ability to compete against the wild-type in pulsedbatch culture, where an equal density of labelled mutant PHL628 : arcAgfp and labelled wild-type PHL628-mRFP1 cells were inoculated into the same MatTek dish and cultured as described above. Finelli et al. (2003) have shown that mutations affecting biofilm competitiveness manifest themselves in both static and flowing systems and, therefore, the pulsed-batch analysis was deemed sufficient to assess competitiveness. The reverse colour combinations (GFP reference strain versus mRFP mutant) were also examined.
Biofilms grown under pulsed-batch conditions in the MatTek dishes were visualized using an Olympus BX61 microscope equipped with a 620 low-power objective with WG and FITC fluorescence filter cubes (Olympus). Samples were illuminated using a Lambda LS Xenon arc lamp (Sutter Instruments). Images were acquired using a Cooke SensiCam with a Sony Interline chip. The image capture size was 5126512 pixels and the z section step size was 1 mm. Image acquisition, nearest neighbour deconvolution and 2D image production were performed using the SlideBook Software package version 3.0.10.15 (Intelligent Imaging).
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Six image stacks of each biofilm were collected from cells grown individually or in competition within the MatTek dishes. In order to quantify the characteristics of the biofilm, these images were analysed using COMSTAT (Heydorn et al., 2000) . A subroutine developed to quantify the proportion of the biofilm composed of red or green fluorescent cells was also used (Teitzel & Parsek, 2003) . The image step distance was 1 mm. MATLAB (The Mathworks) was used to run the COMSTAT functions. For each of the COMSTAT functions, the statistical significance was evaluated using the Student t test (a=0?05) to compare the mean of six image stacks from the wild-type with six from the mutant.
RESULTS
The transposon mutant library was estimated to contain approximately 3?5610 4 mutants and was selected once on LB Kan/Tet agar. No non-mutants were detected when a subsample of 100 putative mutants was replica-plated. Transposon insertions into essential genes would not have been detected, so the number of mutants divided by the number of ORFs would have given~8?2 insertions per gene, assuming random transposition. Based upon the Poisson distribution, the probability that each of the 4290 ORFs targeted by the Sigma-GenoSys arrays contained a transposon insertion was >99?9 %.
After harvesting, the reactor contents were analysed for glucose and cell number (Table 3) . The planktonic cells in the biofilm reactor were nearly two orders of magnitude fewer than the attached biofilm cells (Table 3) . Additionally, the culture medium in the biofilm reactors was approximately four times less turbid than that in the planktonic reactors (Table 3) . Thus, even though the glass wool was not rinsed to remove residual planktonic cells (in order to avoid detachment of the biofilm cells), any residual planktonic cells were likely to have contributed much less than 1 % to the total number of cells harvested from the biofilm reactor, and were unlikely to have biased the results. Following harvest of the biofilm, no cells remained attached to the glass wool, as observed by microscopy.
Glucose was significantly depleted in both the biofilm and the planktonic reactors when compared to the influent, but more so in the biofilm reactors. This difference may be attributed to the sheer number of cells present in the reactor. Despite this, glucose was detected in both reactors, as shown in Table 3 .
Array hybridization and analysis
Hybridization of the linearly amplified 33 P-labelled probe to the array membranes revealed that 72?6 % of the ORFs gave a positive signal that was greater than three times the SD of the mean background value. This is consistent with the coverage observed by others using array-based analysis of E. coli insertion mutants (Badarinarayana et al., 2001) . Using the two metrics of statistical evaluation described in the Methods section, a conservative list of 114 biofilmimportant ORFs (Supplementary Table S1 ) was determined, whereas 80 ORFs were identified as important for planktonic conditions (Supplementary Table S2 ). These biofilm-and planktonic-important ORFs were organized with respect to 22 functional groups (Blattner et al., 1997 ; Table 4 ). The term 'biofilm-important' was used to denote transposon-interrupted genes which, according to hybridization data, were less abundant in the DNA from the biofilm than they were in that from the planktonic reactor. This was taken to mean that cells containing a transposon in that gene were at a competitive disadvantage in the biofilm. The term biofilm-important was chosen to reinforce the point that the present work focused exclusively on the abundance of specific genes in total community genomic DNA, and to avoid confusion with the term 'upregulated', which is commonly used to describe transcriptional changes in array analyses of mRNA or cDNA.
Insertion mutant characterization
arcA was selected for further study because it has not been previously identified as important in biofilms, but encodes an established physiological function in planktonic cells. It also differs from previously characterized genes encoding known biofilm functions which encode mostly for extracellular appendages or enzymes involved in exopolysaccharide metabolism. The maximum growth rate of the arcA mutant was not significantly different from that of the wild-type (PHL628) or the complemented strain (PHL628 : arcA pIarcA) when grown on MSM containing glucose, or glucose and Casamino acids (Table 5) . Strains containing the pIndigo (pI) vector (PHL628 pI, PHL628 : 55 pI and PHL628 : arcA pIarcA) had significantly reduced growth rates as compared to PHL628 : 55, but only when grown in the presence of Chl to maintain the pI vector (data not shown).
The motility assay demonstrated that PHL628 : arcA appeared significantly compromised for swimming motility.
Complementation of the mutant with pIarcA restored swimming motility. The data are represented as a percentage of the total motility of the wild-type (Table 5 ). This assay is relevant to biofilm biology because flagellar motility has been reported to be important for the initial stages of biofilm development, and strains with reduced motility are delayed in biofilm development (Pratt & Kolter, 1998) . Phenotypes examined included growth rate over 24 h, attachment to 96-well PVC microtitre dishes at 10 h, and swimming motility. The medium used was MSM containing 0?2 % glucose (G), with or without 0?2 % Casamino acids (CAA). SDs are noted in parentheses. mOD, milli-optical density unit; NT, not tested. Attachment to the microtitre dishes after a 10 h incubation indicated that PHL628 : arcA attached normally to plastic when grown alone (Table 5 ). However, analysis of further biofilm development in MatTek dishes after 72 h of pulsed-batch growth revealed that the arcA mutant (PHL628 : arcA-gfp) formed significantly fewer microcolonies than the wild-type or the complement strains (Table 6 ). The GFP-labelled arcA mutant was also less competitive than the GFP-labelled reference strain, when grown in competition with an mRFP-labelled reference strain (Fig. 2B , Table 6 ). This was evidenced by the mutant being 2?6 times less abundant than the wild-type in mixed (mutant and wild-type) biofilms. The reverse colour combinations (mRFP mutant versus GFP wild-type) were also examined (data not shown) and yielded similar results. The ability to compete in a biofilm was restored by complementation of arcA in trans (Fig. 2C , Table 6 ).
DISCUSSION

Biofilm-important genes
Whole-genome transposon mutagenesis coupled with array hybridization provided a unique means to identify fitness mutants under biofilm and planktonic growth conditions. Array technology has already been used successfully to examine the transcriptional profile of biofilm development in E. coli (Beloin et al., 2004; Ren et al., 2004; Schembri et al., 2003) and P. aeruginosa (Whiteley et al., 2001) . The approach presented here, however, involved selection against mutants compromised for competitiveness under either biofilm or planktonic conditions, with subtractive comparisons of hybridized DNA signals, revealing genes that appeared to contribute to cell competitiveness under the specified conditions. 
Using this method, we identified mutants in 2?6 and 1?9 % of E. coli genes, whose relative abundance changed under biofilm and planktonic conditions, respectively. Of the genes identified as important for biofilm or planktonic growth, some have previously been characterized as essential. Reasons for their detection could include insertion of the transposon into the 39 end of some genes, or insertion adjacent to an essential gene.
In contrast to transcriptional analyses, this work permitted the identification of genes that were important under specific conditions, but which may not necessarily have been differentially regulated under those conditions. Despite this difference, there was still~14 % gene-specific agreement between our list of transposon mutants and one or more of the previously published lists of biofilm-regulated E. coli genes in array-based transcriptional analyses (Fig. 3 ) (Beloin et al., 2004; Ren et al., 2004; Schembri et al., 2003) . This number is consistent with the gene-specific agreement between pairwise comparisons of the three published transcriptional profiles of E. coli biofilms, which range from 4 to 23 %.
Although a gene-by-gene discussion is prohibitive, some general trends clearly emerged from inspection of Table 4 , and several of these are highlighted below.
Biofilm cells respond to a wide range of stresses
Our data suggest that several genes that encode responses to generalized and oxidative stress, hyperosmolarity, and metal and drug toxicity were important for competition within a biofilm. This is consistent with published reports detailing E. coli and P. aeruginosa biofilm development (Beloin et al., 2004; Schembri et al., 2003; Whiteley et al., 2001) , which suggest that biofilm cells experience and respond to stresses not found in matched planktonic cultures. Three genes that are involved in protection against oxidative stress were identified in this analysis as being important in biofilms (dps, sodA and bcp) (Hassett et al., 1999; Jeong et al., 2000; Nair & Finkel, 2004) . Interestingly, heat-shock proteins encoded by ibpAB were identified in this study as biofilmimportant, and were also identified in two transcriptional studies as upregulated in E. coli biofilms (Fig. 3) (Ren et al., 2004; Schembri et al., 2003) , even though the biofilms were not grown under elevated temperatures in any of these experiments.
Several other stress-related genes were also identified in this study. These include cutA, which has a role in tolerance to divalent cations (Fong et al., 1995) , and arsB, which is involved in the transport of arsenite and arsenate out of the cell (Carlin et al., 1995) . As no toxic metals were added to the culture medium, it is unclear what role arsB might be playing, although it is possible that it transports additional toxicants out of the cell. Given that diffusion into and out of biofilms is reduced, non-specific transporters may play a role in keeping the intracellular concentration of waste products low.
Efflux pumps, for example, are known to contribute to enhanced antimicrobial tolerance (Levy, 2002) and may exhibit broad substrate specificity. In this analysis, we identified three biofilm-important genes (emrY, fsr and ydeA) which encode putative efflux pumps that may play a role in drug resistance and cellular detoxification (Bost et al., 1999; Fujisaki et al., 1996; Nishino & Yamaguchi, 2001; Tanabe et al., 1997) . This phenomenon does not appear to be universal to all efflux pumps, however, as our analyses revealed that several well-characterized efflux pumps, such as acr, emr and mar, did not appear to contribute to competitive fitness within the biofilm. This is consistent with the Fig. 3 . Specific agreement between biofilmimportant genes from the present work and genes reported to be upregulated in biofilms from three published transcriptional analyses. Each of the transcriptional studies is represented as a circle. The genes common to two or more of the published transcriptional analyses are presented in solid boxes, whereas gene-specific overlap with a published list and the current transposon analysis of biofilm-important genes is presented in dashed boxes. One hundred and fourteen genes were found to be biofilm-important in the current work, of which eight overlapped with published transcriptional data (not drawn to scale). Exp., exponential growth status.
work of De Kievit et al. (2001) , who have demonstrated that, in the absence of antibiotics, MexAB-OprM, MexCD-OprJ, MexEF-OprN and MexXY pumps are not induced in the biofilm growth of P. aeruginosa, and single null mutants do not contribute to antibiotic resistance (De Kievit et al., 2001) . Interestingly, however, when grown in the presence of sub-MIC azithromycin concentrations, mexCD, oprJ, oprN and mexX are upregulated, and it has also been demonstrated that both MexAB-OprM and MexCDOprJ contribute to the antibiotic resistance of P. aeruginosa biofilms (Gillis et al., 2005) .
Nutrient scavenging in biofilms
In this transposon analysis, we identified 37 biofilmimportant genes encoding known or putative transport and binding proteins, whereas only four genes were important to planktonic cells (Table 4, Supplementary Table S1 ). This suggests that cells within the biofilm may have benefited from being able to cross-feed and scavenge for nutrients. The presence of nutrient limitation in the biofilm is reinforced by our finding that two starvation regulators (dps and sspA) were also biofilm-important. SspA is a transcriptional regulator that affects the expression of H-NS; however, sspA expression is independent of rpoS (Niedhardt, 1996; Williams et al., 1994) . Dps is an rpoS-induced stationary-phase nucleoid protein that sequesters iron by the formation of a ferritin-like complex, thereby protecting DNA from redox stress and oxidative damage (Almiron et al., 1992; Andrews et al., 2003; Lomovskaya et al., 1994) . Recently, Nair & Finkel (2004) have shown that Dps also offers protection against ionizing radiation, metal toxicity, thermal stress and dramatic pH shifts (Nair & Finkel, 2004) .
Regulatory genes
Nineteen genes with a regulatory function were identified as biofilm-important (17 % of the total), compared with only four genes that were important in planktonic cells. The high proportion of genes with regulatory functions identified in the present work contrasts with the results of previously published expression analyses (Beloin et al., 2004; Ren et al., 2004; Schembri et al., 2003; Whiteley et al., 2001) , in which relatively few regulators (i.e. 5 % in previous expression analyses versus 17 % in the present work) were implicated as important in biofilms. Transcriptional array analyses may not identify as many regulatory genes because the transcripts of some two-component regulators are short-lived (Oshima et al., 2002) . There may also be limited change in their relative abundance under induced or repressed conditions, as activity, at least for two-component systems, is often dependent upon the phosphorylation state rather than changes in transcript abundance (Oshima et al., 2002) . Of the regulatory genes identified in the present work, a number have a role in the cellular response to anaerobiosis, starvation conditions or nutrient acquisition, and related stresses. These include cheW, csrA, dps, fliA, rpoN and arcA.
The response regulator ArcA, which acts as a microaerobic redox regulator, is part of a two-component regulatory system that includes ArcB, a histidine kinase (Alexeeva et al., 2000) . It is unclear what roles the specific members of the ArcA regulon play in the development of mature biofilms; however, seven members of this regulon (sodA, icdA, cyoB, ycbU, ydeA, betT and treB) were also identified in the present work as important in a competitive biofilm (Supplementary  Table S1 ). This evidence and the biofilm-associated phenotypes of the arcA mutant clearly demonstrate the importance of at least a portion of this regulon for competitiveness within a biofilm (Tables 5 and 6 ). Interestingly, it has recently been reported that, although arcA mutants of Shewanella oneidensis are capable of forming wild-type biofilms, they are compromised in their ability to undergo oxygen-depletion-induced detachment (Thormann et al., 2005) . While this contrasts with our observation that E. coli PHL628 : arcA could not establish a robust biofilm, it points to a role for ArcA in the biofilms of diverse genera.
The importance of responding to changing redox conditions in a biofilm is underscored by our observation that menC was also identified in our array-based analysis as being biofilm-important. MenC is required for the synthesis of menaquinone (Sharma et al., 1993) (http://ecocyc.org), which not only acts as an electron carrier during respiration, but also serves as the signal which communicates redox status to the ArcAB two-component regulatory system (Georgellis et al., 2001) . Both menaquinone and ubiquinone have previously been identified as important for biofilm formation in other bacteria (Dubiel et al., 2002; Finelli et al., 2003) .
A diversity of respiratory niches
Nine other genes we found to be important in the biofilm encode functions related to energy metabolism under different redox conditions (Supplementary Table S1 ). Of these, fdoI, hyfG and yfiD are known to be important for anaerobic respiration. Interestingly, Beloin et al. (2004) found yfiD to be down-regulated in E. coli biofilms. This is not surprising, however, given the highly aerobic reactor conditions employed in their study.
In addition to the above genes involved in anaerobic metabolism, we also identified genes involved in the synthesis of the electron acceptor crotonobetaine (caiB) (Eichler et al., 1996) , and in nitrate and nitrite reduction (narV, narW, nirB, nirC and nrfD). narV, the c-subunit of nitrate reductase Z, is constitutively expressed at low levels, and may play a role in the transition from aerobiosis to anaerobiosis (Blasco et al., 1990 (Blasco et al., , 1992 Niedhardt, 1996) . Upregulation of genes encoding nitrate metabolism has not been reported in transcriptional studies of E. coli biofilms; however, none of the studies used a nitrate-containing medium (Beloin et al., 2004; Ren et al., 2004; Schembri et al., 2003) . Nitrate respiration has, however, been shown to be important in P. aeruginosa biofilms (Yoon et al., 2002) .
Despite the differences in methods, media and aeration conditions between our study and that of Beloin et al. (2004) , we both identified genes encoding enzymes required for respiratory functions under conditions ranging from highly aerobic to highly anaerobic. Our identification of such biofilm-important genes in the present work suggests that multiple means of respiration may be necessary for competitiveness in heterogeneous biofilm environments. The requirement for enzymes enabling respiration in a variety of redox niches within a biofilm is consistent with reports that have used microelectrodes (Costerton et al., 1995) and endogenous phosphatase activity (Xu et al., 1998) to detect the presence of oxygen gradients in biofilms. This work builds on that evidence by suggesting how cells within a biofilm might respond to a range of redox conditions.
Conclusions
Whole-genome transposon mutagenesis and ligationmediated PCR-based array analysis were used in a preliminary screen to identify gene products important for competitiveness in a biofilm. Like other array-based approaches to biofilm analysis, this work examined heterogeneous aggregate biofilms. The examination of a heterogeneous biofilm sample permitted an integrated screening mechanism for the identification of biofilm-important genes that confer a competitive advantage in many different stages and niches of biofilm development. Consistent with the work by Finelli et al. (2003) , our results demonstrated that the biofilm-compromised phenotype of some mutants did not fully manifest itself until they were placed into a competitive environment. This has significant implications for the ability of the commonly employed non-competitive conditions, such as attachment assays, to reveal the importance of other physiological processes necessary for biofilm development.
The techniques employed here revealed several notable trends; specifically, that biofilm cells experienced varied redox conditions that required a flexible complement of genes involved in energy metabolism. Our evidence also suggests that the biofilm cells need to respond to gradients in nutrients and toxins by utilizing a wide variety of transporters and binding proteins. The importance of smallmolecule transporters for substrates that were not provided in the feed-stock suggests that cross-feeding was important for competitiveness within a heterogeneous biofilm. This work therefore presents unique genetic evidence demonstrating the physiological diversity required for competitiveness in a biofilm, but is consistent with previous predictions based on direct chemical measurements (Costerton et al., 1995; Schramm et al., 1999a, b; Wecke et al., 2000) .
